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A STUDY  OF  SUPERCELL  CLOUD  TOP  TEMPERATURE 


SIGNATURES  FROM  GOES  ENHANCED  INFRARED  IMAGERY 


Chairman 


ABSTRACT 


GOES  enhanced  infrared  imagery  (10.5  to  12.5  ym) 
was  used  to  investigate  overshooting  tops  on  cirrus 
anvils  for  a severe  weather  situation  that  occurred  on 
15  April  1976  over  the  Midwest.  Very  interesting 
features  of  this  imagery  were  small  areas  of  relatively 
warm  radiative  temperatures  imbedded  within  cold 
radiative  temperature  fields  of  large  cirrus  anvils. 

The  location  of  these  warm  spots  coincided  with  the 
radar  location  of  tropopause  penetrating  tops  from 
intense  thunderstorms.  Satellite  infrared  film  loops, 
radar  observations,  and  radiosonde  reports  were  used 
to  study  the  overshooting  tops,  while  surface  and 
upper  air  charts  were  used  to  study  the  synoptic 
scale  features  leading  to  convective  storm  development. 

Models  for  the  cloud  dome  of  a vigorous,  quasi- 
steady supercell  storm  are  presented  to  explain  the 
warm  cloud  top  temperatures  above  the  strong  updraft 
region  observed  in  enhanced  infrared  imagery.  Features 
included  in  the  model  are  (1)  emissivity  differences 
between  the  expanding  cirrus  anvil  and  the  cloud  dome 
center,  (2)  a mixing  layer  near  the  cloud  top  in  which 
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moist  ascending  air  is  diluted  with  stratospheric  air,  and 
(3)  a vertical  temperature  profile  with  coldest  air  in  the 
cloud  and  a pronounced  inversion  at  the  cloud  top. 
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ABSTRACT 

GOES  enhanced  infrared  imagery  (10.5  to  12.5  pm) 
was  used  to  investigate  overshooting  tops  on  cirrus 
anvils  for  a severe  weather  situation  that  occurred  on 
15  April  1976  over  the  Midwest.  Very  interesting 
features  of  this  imagery  were  small  areas  of  relatively 
warm  radiative  temperatures  imbedded  within  cold 
radiative  temperature  fields  of  large  cirrus  anvils. 

The  location  of  these  warm  spots  coincided  with  the 
radar  location  of  tropopause  penetrating  tops  from 
intense  thunderstorms.  Satellite  infrared  film  loops, 
radar  observations,  and  radiosonde  reports  were  used 
to  study  the  overshooting  tops,  while  surface  and 
upper  air  charts  were  used  to  study  the  synoptic 
scale  features  leading  to  convective  storm  development. 

Models  for  the  cloud  dome  of  a vigorous,  quasi- 
steady supercell  storm  are  presented  to  explain  the 
warm  cloud  top  temperatures  above  the  strong  updraft 
region  observed  in  enhanced  infrared  imagery.  Features 
included  in  the  model  are  (1)  emissivity  differences 
between  the  expanding  cirrus  anvil  and  the  cloud  dome 
center.  (2)  a mixing  layer  near  the  cloud  top  in  which 
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CHAPTER  I 


INTRODUCTION 


Infrared  photographs  from  Geostationary  Operational 
Environmental  Satellites  (GOES)  have  provided  valuable 
information  about  cloud  heights  and  mapping  day  and  night 
cloud  fields.  High,  thick  cirrostratus  clouds  can  be 
easily  distinguished  from  low  stratus  clouds  with 
infrared  imagery  while  it  may  not  always  be  possible 
with  visible  imagery  alone.  Life  cycles  of  convective 
activity  that  are  initiated  during  the  daytime  and 
continue  after  sunset  can  be  investigated  as  demonstrated 
by  Martin  (1975).  Moreover,  infrared  pictures  can  be 
enhanced  by  changing  the  gray  scale  over  a limited 
temperature  range,  thereby  retaining  the  information 
content  of  the  data  and  delineating  cloud  features  that 
may  otherwise  remain  undetected  (Corbell,  e t a 1 . , 197  7 ). 

This  thesis  investigated  a case  where  enhanced 
infrared  (EIR)  imagery  provided  unique  information  about 
convective  penetration  above  the  tropopause  for  a severe 
weather  situation  over  the  central  United  States.  This 
situation  was  unique  because  warm  spots  appeared  over 
cumulonimbus  tops  in  the  GOES  EIR  imagery  (Mills  and 
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Astling,  1977).  The  warm  spots  corresponded  to  locations 
where  radar  observations  indicated  intense  convection 
with  tropopause  penetrating  tops  had  occurred.  Generally, 
one  would  expect  the  overshooting  tops  to  appear  as 
cold  areas  in  satellite  infrared  and  enhanced  infrared 
imagery  because  of  moist  adiabatic  cooling  in  ascending 
convective  motion. 

Since  GOES  imagery  is  an  important  tool  in  severe 
local  storm  detection  and  prediction,  and  since  enhance- 
ment of  GOES  data  only  became  operational  in  early  1976, 
this  investigation  attempts  to  provide  an  explanation 
for  the  appearance  of  warm  spots.  Additionally, 
situations  where  warms  spots  did  not  occur  are  discussed. 


I 


CHAPTER  II 


r'  i 


! 


t 


SYNOPTIC  SITUATION 

On  the  afternoon  and  evening  of  14  April  1976  (LST), 
severe  thunderstorm  activity  developed  over  the  Central 
states.  The  synoptic  weather  pattern  was  characterized 
by  low  level  confluence  in  a frontal  boundary  with  warm, 
moist  southerly  flow  ahead  of  the  front  and  dry  westerly 
flow  behind  it.  Difluent,  anticyclonic  motion  was  present 
in  the  upper  levels  and  provided  favorable  conditions  for 
convective  activity  to  develop  within  very  unstable  air 
near  the  frontal  zone.  In  this  chapter  these  synoptic 
features  will  be  traced  from  the  period  0000  GMT  13  April 
to  0000  GMT  16  April  using  the  700  and  200  mb  charts,  the 
85C  mb  moisture  field,  and  the  Showalter  stability  index. 

700  Millibar  Winds  and  Surface  Fronts* 

On  0000  GMT  13  April  a stationary  front  extended 
from  the  Florida  peninsula  through  the  Gulf  Coast  states 
to  a warm  front  over  Texas  as  shown  in  Fig.  1.  This 
frontal  system  was  very  weak  and  dissipated  on  the  fol- 
lowing days  as  a high  pressure  ridge  developed  over  the 
Great  Plains  states.  Evolution  of  these  features  is 
evident  in  Figs.  1 through  6 which  show  the  surface 


Figure  1 Chart  of  700  mb  surface  for  0000  GMT  13  April 


1S76;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotherms  (°C);  surface 

frontal  position  are  superimposed. 


Figure  2 Chart  of  700  mb  surface  for  0000  GMT  14  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotherms  (°C);  surface 
frontal  position  is  superimposed. 


Figure  3 Chart  of  700  mb  surface  for  1200  GMT  14  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotherms  (°C);  surface 
frontal  position  is  superimposed. 


Figure  4 Chart  of  700  mb  surface  for  0000  GMT  15  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotherms  (°C);  surface 
frontal  position  is  superimposed. 
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Figure  5 Chart  of  700  mb  surface  for  1200  GMT  15  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotherms  (°C);  surface 
frontal  positions  are  superimposed. 
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frontal  positions  superimposed  on  the  700  mb  charts  of 
height  and  temperature  fields.  A low  level  ridge  was 
well  defined  at  700  mb  in  Fig.  2 and  extended  northward 
from  the  Gulf  of  Mexico,  across  Louisiana  and  into  the 
central  United  States.  The  entire  ridge  was  moving  east- 
ward, as  a trough  over  the  western  U.S.  and  an  associated 
cold  front  were  moving  slowly  eastward  across  Arizona  and 
Utah  into  New  Mexico  and  Colorado  (Figs.  1 and  2).  On 

14  April  a short  wave  trough  moved  rapidly  eastward 
across  the  northern  Great  Plains  and  southern  Canada.  By 

15  April  the  eastward  moving  cold  front  was  located  over 
the  Great  Lakes  region  and  extended  southward  across  the 
western  Plains  through  eastern  Colorado  and  into  eastern 
New  Mexico  (Fig.  5).  On  0000  GMT  14  April  convective 
activity  developed  ahead  of  this  frontal  system  in  the 
northern  Plain  states.  (A  more  detailed  discussion  of 
convective  activity  will  accompany  the  atmospheric 
stability  discussion.) 

Within  this  period,  the  700  mb  ridge  moved  eastward 
into  the  Mississippi  River  Valley.  Additionally,  as  the 
ridge  moved  eastward  low  level  southerly  flow  advected 
moisture  northward  across  the  Central  states.  On 
1200  GMT  14  April,  however,  pronounced  warm  air  ad- 
vection  over  Texas  retarded  the  eastward  ridge 
movement  over  the  Gulf  Coast  states  and  this  part 
of  the  ridge  retrograded  (Fig.  3).  On  the  next  day 
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this  system  began  to  move  eastward  again.  During  the 
period  from  1200  GMT  14  April  (Fig.  3)  to  0000  GMT 
15  April  (Fig.  4),  the  cold  front  from  southwest  Texas 
through  the  central  Plains  continued  to  move  very  slowly 
eastward  since  the  mid-level  flow  was  parallel  to  the 
front  . 

In  Fig.  4,  confluent  southerly  flow  was  present  over 
Texas  while  southwesterly  flow  prevailed  ahead  of  the 
front  further  north.  In  addition  to  being  confluent,  the 
700  mb  flow  was  warm  and  now  dry  ahead  of  the  frontal 
system  (Figs.  2,  3,  4,  and  5).  This  low  level  warm  air 
advection  helped  increase  the  instability  of  the  air  mass 
over  the  Central  states. 

Intense  convective  activity  continued  through 
15  April.  Figs.  5 and  6 show  the  shift  of  the  700  mb 
wind  flow  and  surface  frontal  position  during  this  time. 

200  Millibar  Winds 

In  the  upper  levels  at  0000  GMT  13  April  ( F i^g  . 7), 
relatively  high  wind  speeds  extended  across  the  Southern 
and  Eastern  states.  Figs.  7 through  12  show  the  200  mb 
height  field  and  isotach  analysis.  At  0000  GMT  13  April 
an  extensive,  eastward  moving  ridge  covered  the  Central 
U.S.  and  Canada.  A trough  had  moved  inland  over  the  West 
Coast.  Between  0000  GMT  13  April  and  0000  GMT  14  April, 
both  the  ridge  and  trough  continued  to  move  eastward. 


Figure  7 Chart  of  200  mb  surface  for  0000  GMT  13  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotachs  (>  34  ms~l). 


Figure  9 Chart  of  200  mb  surface  for  1200  GMT  14  April 


1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotachs  (>  34  ms'^ ) . 


Figure  10  Chart  of  200  mb  surface  for  0000  GMT  15  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotachs  (>  34  ms-M. 


Figure  11  Chart  of  200  mb  surface  for  1200  GMT  15  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotachs  (>  34  ms~l). 


Figure  12  Chart  of  200  mb  surface  for  0000  GMT  16  April 
1976;  solid  lines  are  contours  (gpm)  and 
dashed  lines  are  isotachs  (>  34  ms")) . 
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By  0000  GMT  14  April  wind  speeds  of  35  ms"l  had 
moved  across  Oklahoma  and  northern  and  western  Texas,  but 
still  continued  over  the  Southwestern,  Southeastern,  and 
Gulf  Coast  states  as  shown  in  Fig.  8.  Between  0000  and 
1200  GMT  14  April,  the  area  of  high  wind  speeds  over  the 
Southwestern  states  began  to  separate  with  the  northern 
branch  moving  steadily  northeastward,  while  the  southern 
branch  moved  eastward  and  merged  wich  the  high  wind 
sseeds  over  southern  Texas.  This  resulted  in  pronounced 
difluent  flow  over  the  area  where  severe  thunderstorms 
subsequently  developed. 

By  1200  GMT  14  April  (Fig.  9),  the  northern  branch, 
with  45  ms“l  wind  speeds  over  central  New  Mexico,  was 
or i en t ed . nor t h e a s t -s ou t hwe s t and  extended  over  the  Great 
Plains.  The  southern  branch,  with  55  ms~l  wind  speeds 
over  southern  Texas,  was  oriented  east-west  and  moved 
across  Mexico  and  the  Gulf  Coast  states.  The  area  of 
difluence  covered  eastern  New  Mexico,  western  and 
northern  Texas,  and  Oklahoma. 

Fig.  10  shows  that  by  the  next  day  the  core  of 
maximum  wind  speeds  of  the  northern  branch  extended  from 
Mexico  across  New  Mexico,  southeastern  Colorado,  north- 
western Kansas  into  central  and  eastern  Nebraska  and 
northwestern  Iowa.  Wind  speeds  of  55  ms~l  moved  into 
New  Mexico.  In  the  southern  branch,  50  ms-^  wind  speeds 
now  covered  most  of  Texas. 
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The  area  of  dif  luence  extended  from  southeast  of  El 
Paso,  Texas,  across  eastern  New  Mexico,  west  central 
Texas  and  the  Texas  Panhandle,  Oklahoma,  Kansas,  eastern 
Nebraska,  Iowa,  Minnesota,  Wisconsin,  and  Illinois.  The 
significance  of  this  type  of  motion  field  in  severe 
weather  situations  has  been  described  by  MacDonald  (1977). 

During  the  next  twelve  hours  (0000  to  1200  GMT  15 
April),  the  core  of  maximum  wind  speed  of  the  northern 
branch  continued  to  move  northeastward  to  the  Great 
Lakes,  crossed  the  ridge  axis,  and  began  to  move  south- 
eastward into  New  York  as  shown  in  Fig.  11.  This  speed 
core  north  of  the  difluence  area  produced  negative  speed 
shear  in  addition  to  the  negative  curvature  over  the 
thunderstorm  area.  High  wind  speeds  in  the  southern 
branch  shifted  southward  with  the  core  center  moving  from 
south  central  Texas  to  the  southern  tip  of  Texas. 

On  1200  GMT  15  April,  ridging  over  eastern  Canada 
had  separated  from  the  ridging  over  the  eastern  U.S.,  but 
by  0000  GMT  16  April,  the  U.S.  portion  of  the  ridge  was 
building  northward  over  the  Great  Lakes  and  into  Canada 
(Fig.  12).  High  wind  speeds  in  the  northern  branch  had 
diminished  considerably  and  moved  eastward  by  this  time. 


850  Millibar  Moisture 


Another  important  synoptic  feature  that  was  associ- 
ated with  this  severe  weather  case  was  the  low  level 


moisture  field.  Southerly  flow  ahead  of  the  trough  began 
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to  advect  moisture  from  the  Gulf  of  Mexico  into  the 
Central  states  in  the  low  levels  on  13  April  1976.  Figs. 
13  to  18  show  the  850  mb  relative  humidity  with  contours 
drawn  in  ten  percent  increments.  A comparison  of  Figs.  1 
and  13  indicates  the  moisture  advection  on  13  April  0000 
GMT.  At  this  time  moist  air  was  present  up  to  500  mb 
over  parts  of  Texas  and  Oklahoma,  but  during  the  next 
twenty-four  hours  the  mid-level  moisture  advected  east- 
ward and  was  replaced  by  dry  air  from  the  west  (relative 
humidities  less  than  10  percent)  at  the  700  and  500  mb 
levels . 

Moist  air  at  850  mb,  which  had  been  in  western  Texas 
at  0000  GMT  13  April  and  moved  into  the  Texas  Panhandle 
by  1200  GMT  13  April,  was  replaced  with  dry  air  by  0000 
GMT  14  April  (Fig.  14).  Between  0000  and  1200  GMT  14 
April  a slight  pressure  increase  across  Texas,  coupled 
with  a weakening  in  the  pressure  gradient  over  New  Mexico 
behind  the  front,  increased  the  low  level  moisture  advec- 
tion over  western  Texas  (Fig.  15). 

Surface  temperatures  and  dew  points  also  increased 
ahead  of  the  frontal  system  prior  to  the  outbreak  of  con- 
vective activity.  By  1800  GMT  14  April  surface  tempera- 
tures along  and  ahead  of  the  front  in  the  area  of  intense 
thunderstorms,  from  southwestern  Texas  to  northwestern 
Iowa,  were  in  the  high  70's  to  low  80's.  These  tempera- 
tures averaged  10°F  warmer  over  Texas,  Oklahoma,  and 
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Figure  13  Chart  of  850  mb  relative  Figure  14  Chart  of  850  mb  relative 

humidity  for  0000  GMT  13  humidity  for  0000  GMT  14 

April  1976;  isopleths  April  1976;  isopleths 

are  in  percent.  are  in  percent. 


t of  850  mb  relative  Figure  18  Chart  of  850  mb  relative 

dity  for  1200  GMT  15  humidity  for  0000  GMT  16 

1 1976;  isopleths  April  1976;  isopleths 

inpercent.  are  in  percent. 
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Kansas,  and  5°F  warmer  over  eastern  Nebraska  and  Iowa 
than  in  the  previous  twenty-four  hours.  The  surface  dew 
point  temperatures  were  essentially  the  same  over  Texas 
and  Oklahoma  for  both  1800  GMT  reports,  5°F  warmer  over 
Kansas  and  eastern  Nebraska,  and  10°  to  15°F  warmer  over 
Iowa.  The  dew  point  temperatures  decreased  rapidly 
across  the  front  and  indicated  the  presence  of  a strong 
moisture  gradient.  The  wind  flow  ahead  of  this  gradient 
was  moist  and  southerly;  behind  the  gradient  flow  was  dry 
and  southwesterly.  This  gradient  extended  through  a deep 
layer  and  is  depicted  at  850  mb  in  Figs.  15,  16,  and  17. 

By  0000  GMT  15  April  the  850  mb  moisture  field  de- 
creased over  western  Texas,  eastern  Kansas,  and  eastern 
Nebraska  after  thunderstorm  activity  developed  throughout 
these  areas.  More  low  level  moisture  advected  into  east- 
ern Iowa,  Illinois,  and  Wisconsin  (Fig.  16)  and  provided 
the  moisture  source  for  the  thunderstorm  activity  which 
moved  into  southeastern  Minnesota  and  southern  Wisconsin 
during  th¥  next  twelve  hours  from  Nebraska,  Kansas,  and 
low  a . 

Moisture  returned  to  western  Texas  by  1200  GMT  15 
April  (Fig.  17)  and  to  the  Central  Plains  states  by  0000 
GMT  16  April  (Fig.  18)  as  low  level  southerly  flow  moved 
from  the  Gulf  of  Mexico  into  the  Central  states  through 
this  period. 
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Atmospheric  Stability 

Figs.  19  through  24  show  the  Showalter  stability 
index  with  contours  drawn  every  two  units.  Fig.  19  dis- 
plays the  values  for  0000  GMT  13  April.  As  of  0035  GMT 
13  April,  the  radar  summary  indicated  that  rain  showers 
and  thunderstorms  were  occurring  in  eastern  Colorado,  New 
Mexico,  Texas,  Oklahoma,  and  Kansas.  This  activity  ini- 
tially increased  on  13  April,  but  by  1535  GMT  all  activ- 
ity had  moved  out  of  these  areas. 

Generally,  the  degree  of  atmospheric  stability  de- 
creased by  2 to  4 units  over  the  Central  states  from  0000 
GMT  13  April  to  0000  GMT  14  April  (Fig.  20).  Between 
0000  GMT  and  1200  GMT  (Fig.  21)  14  April  the  stability 
decreased  significantly  over  western  Texas  (4  units) 
while  the  region  of  instability  over  the  Central  Plain 
states  moved  eastward  with  the  front.  During  this  latter 
period  showers  and  thunderstorms  developed  over  the 
northern  Plains  and  moved  across  Minnesota  and  into 
northern  Wisconsin. 

From  1200  GMT  14  April  to  0000  GMT  15  April  (Fig. 

22)  instability  shifted  eastward  into  central  Texas  and 
central  Oklahoma  and  into  eastern  Iowa,  Wisconsin,  and 
Illinois  . 

No  thunderstorm  activity  was  reported  in  the  central 
and  southern  Plains  states  from  1535  GMT  13  April  until 
1735  GMT  14  April  when  a single  cell  with  a top  of 
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25,000  ft  was  observed  over  southwestern  Texas.  By  1835 
GMT  another  new  cell  was  reported  in  the  southeastern 
corner  of  the  Texas  Panhandle.  Additional  cells  began 
developing  over  New  Mexico.  At  the  1935  GMT  radar  sum- 
mary, the  cell  over  the  Texas  Panhandle  dissipated,  while 
many  cells  formed  from  El  Paso,  Texas,  northward  over  the 
eastern  mountains  of  New  Mexico.  During  these  two  hours, 
the  original  cell  slowly  intensified  and  moved  northward 
to  extreme  southeastern  New  Mexico.  No  other  activity 
was  reported  in  the  south  central  Plains;  however,  during 
the  next  hour  activity  rapidly  developed  east  of  the  cold 
front  along  the  low  level  moisture  gradient.  By  2035  GMT, 
thunderstorms  with  tops  of  40,000  ft  were  reported  over 
central  Kansas  and  south  central  Nebraska.  Thunderstorms 
with  tops  to  42,000  ft  were  reported  over  extreme  south- 
east New  Mexico  and  western  Texas.  By  0035  GMT  15  April, 
lines  of  activity  extended  from  northeastern  Nebraska  to 
south  central  Kansas  and  from  the  Texas  Panhandle  south- 
ward to  the  Rio  Grande  River.  Tornadoes  and  2 to  4 inch 
diameter  hail  were  reported  in  Texas,  Kansas,  and  Nebraska 
near  0035  GMT.  During  the  next  nine  hours  hail,  torna- 
does, and/or  damaging  winds  continued  to  be  reported  in 
these  states  and  also  Iowa  and  Wisconsin. 

Thunderstorm  tops  in  excess  of  50,000  ft  were  re- 
ported in  all  states  affected  by  the  severe  weather.  In 


several  extreme  cases,  convective  tops  penetrated  the 
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tropopause  by  15,000  ft.  Several  storms  and  their  tropo- 
pause  penetrating  tops  will  be  discussed  in  more  detail 
in  the  next  chapter. 

Instability  areas  shifted  to  southwestern  Texas  be- 
tween 0000  GMT  15  April  (Fig.  22)  and  1200  GMT  (Fig.  23) 
and  reappeared  over  Iowa  and  Minnesota  by  0000  GMT  16 
April  (Fig.  24).  Intense  convective  activity  continued 
throughout  this  time  period.  At  2335  GMT  15  April  thun- 
derstorms were  reported  across  western  Texas,  western 
Oklahoma,  central  Kansas,  east  central  Nebraska, 
Minnesota,  North  and  South  Dakota,  and  Michigan. 


CHAPTER  III 


SATELLITE  AND  SATELLITE  IMAGERY 

Satellite 

Satellite  imagery  used  in  this  research  was  taken 
by  the  Geostationary  Operational  Environmental  Satellite 
(GOES)  System.  The  GOES  was  in  a circular  orbit  with  an 
altitude  of  35,800  km.  The  spacecraft  was  controlled 
for  proper  earth  imaging  by  an  attitude  control  system 
in  which  the  spin  rate  was  100  revolutions  per  minute. 

An  onboard  Visible  and  Infrared  Spin  Scan  Radiometer 
(VISSR)  provided  visual  images  (0.55  to  0.70  pm  band)  at 
0.8  km  (0.43  nm)  resolution  and  infrared  images  (10.5 
to  12.5  ym)  at  8 km  (4.3  nm)  resolution.  In  a normal 
scan  mode  the  radiometer  scanned  from  west  to  east 
across  the  earth  and  provided  a full  disk  image  covering 
nearly  one-half  of  the  earth's  surface.  A full  disk 
image  was  produced  every  30  minutes.  Special  sectors, 
called  floating  sectors,  were  produced  to  meet  specific 
requirements  such  as  monitoring  severe  weather  and  other 
rapidly  changing  meteorological  situations.  Floating 
sector  images  were  transmitted  more  frequently  since 
they  covered  a smaller  geographical  area  and  required 
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less  scanning  and  processing  time.  Hence,  it  was  possi- 
ble to  obtain  satellite  imagery  of  thunderstorms  and  other 
small  scale  convective  systems  that  were  often  not  re- 
solved by  conventional  meteorological  observations. 

Infrared  (IR)  imagery  was  enhanced  for  emphasis  of 
specific  features  in  the  imagery.  The  digital  radiance 
measurements  from  the  satellite  were  converted  to  equiva- 
lent  black  body  temperatures;  then  these  temperatures 
were  transferred  to  digital  count  values.  Count  values 
were  equated  to  particular  gray  shades  for  television 
and  photographic  display  purposes.  For  an  IR  image,  or 
a nonenhanced  image,  a linear  relationship  existed 
between  count  value  and  gray  shade.  The  temperatures 
displayed  in  the  image  change  from  black  shade  for  the 
warmest  temperatures,  through  gray,  to  white  for  the 
coldest.  By  altering  this  linear  relationship,  the 
infrared  may  be  enhanced  (enhanced  infrared,  EIR)  to 
increase  the  contrast  between  a particular  temperature 
range  and  the  surrounding  temperature  field.  This  al- 
teration was  accomplished  in  two  different  ways:  steep 

linear  enhancement  and  "step  function"  enhancement. 

Steep  linear  enhancement  displays  a small  count  value 
range,  or  temperature  range,  across  the  gray  shades 
while  "step  function"  enhancement  displays  a small 
temperature  range  at  the  same  gray  shade.  The  steep 
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linear  technique  provides  excellent  detail  in  the  data. 

The  "step  function"  technique  provides  contouring  in  a 
display  thus  making  deep  vertically  structured  cloud 
areas  obvious  . 

Satellite  imagery  in  this  investigation  was  enhanced 
according  to  Table  1 and  corresponded  to  the  enhancement 
curve  illustrated  in  Fig.  25.  Segment  4 through  7 are 
"step  functions"  which  delineate  the  vertical  structure 
in  convective  storms.  Segment  8 is  a steep  linear 
enhancement,  of  temperatures  -62°C  to  -80°C,  which 
provides  detailed  information  about  the  temperature  of 
the  storm  tops.  Segments  2 and  3 give  definition  to 
low  and  middle  clouds. 

Satellite  Imagery 

In  this  thesis,  floating  sector  GOES  EIR  and  IR 
imagery  of  a severe  weather  outbreak  over  the  Central 
United  States  on  15  April  1976  was  studied.  The  EIR 
imagery  covered  the  time  period  from  0018  GMT  to  0947  GMT 
with  images  obtained  at  approximately  15  minute  intervals. 
Fig.  26  shows  the  EIR  image  for  0732  GMT.  Segments  of 
the  enhancement  curve  (Fig.  25)  can  be  followed  from 
dark  gray  (lower  segment  2)  over  northern  Mississippi  to 
black  (segment  7)  due  west  over  central  Oklahoma.  This 
black  shade  outlined  an  elongated  area  of  convective 
activity  which  stretched  from  northern  Texas  to  Lake 


Figure  25  MB  enhancement  curve  for  GOES  infrared  data; 

absicissa  is  radiative  temperature  in  °C  and 
ordinate  is  the  image  gray  scale. 


TABLE  1 


Relationship  between  radiative  temperature  and  gray 
shade  in  MB  type  of  enhancement  for  GOES  imagery 
in  the  10.5  to  12.5  pm  region 


Segment 

Number 


Temperature 

°C 


Grav  Shade 


>28° 

black 

2 8° 

rr 

O 

C 

dark  gray 

70 

to  -31° 

medium  gray 

310 

to  -4  1 0 

medium  gray 

410 

to  -52° 

light  gray 

52° 

to  -58° 

dark  gray 

58° 

to  -62° 

black 

62° 

to  -80° 

black  to  wh i t e 

< 

-80° 

white 

or j.  x 


the  central  United  States 
oril  1976. 


Radar  summary  o 
for  0735  GMT  15 
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Michigan.  This  pattern  coincided  with  precipitation 
echoes  shown  in  the  radar  summary  for  0735  GMT  (Fig.  27). 

The  circular  shaped  white  areas  within  the  precipitation 
region  corresponded  to  the  upper  portion  of  segment  8 or 
segment  9 and  depicted  the  cold  radiative  temperatures 
of  the  convective  storm  tops. 

Temperature  information  displayed  by  the  segment  8 
enhancement  was  p a r t i cu 1 ar i 1 y interesting,  for  imbedded 
within  these  circular  white  areas  were  gray  spots  which 
represented  warmer  radiative  temperatures  in  the  segment 
8 temperature  range.  Furthermore,  a comparison  of  the 
EIR  image  and  radar  summary  showed  these  warm  spots  were 
related  to  very  high  radar  echo  tops.  The  high  echo  tops 
have  been  denoted  in  Figs.  26  and  27-by,  points  A (two 
echo  tops  of  49,000  ft,  14.9  km),  B (echo  top  of 

44.000  ft,  13.4  km),  and  C (echo  top  of  50,000  ft, 

15  . 2 km)  . .] 

Fig.  28  shows  the  EIR  image  for  0532  GMT  and  Fig.  29 
shows  ftie  radar  summary  for  0535  GMT.  A radar  echo  of 

54.000  ft  (16.5  km)  in  extreme  eastern  Nebraska  coin- 
cided with  a warm  spot  on  the  Nebraska-Iowa  border.  A 

50.000  ft  (15.2  km)  radar  top  was  reported  over  central 
Iowa  and  was  related  to  a warm  spot.  Also  radar  echo 
tops  of  54,000  ft  (16.5  km)  and  57,000  ft  (17.4  km)  re- 
ported over  southwestern  Wisconsin  coincided  with  an 
infrared  radiative  temperature  warm  spot. 
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Fig.  30  shows  the  EIR  image  for  0632  GMT  and  Fig. 

31  shows  the  radar  summary  for  0635  GMT.  Warm  spots 
appeared  over  eastern  Iowa  and  central  Wisconsin.  A 
48,000  ft  (14.6  km)  and  54,000  ft  (16.5  km)  radar  top 
were  reported  over  central  Wisconsin,  but  no  high  echo 
top  was  reported  over  eastern  Iowa. 

Similar  features  were  found  on  all  33  EIR  images 
from  15  April  0118  GMT  to  15  April  0945  GMT.  Although 
radar  data  was  not  available  at  all  image  times,  regular 
radar  observations  at  35  minutes  past  the  hour  plus 
occasional  special  reports  on  the  hour  showed  almost 
every  warm  spot  was  related  to  a very  high  echo  top. 
Every  high  echo  top  which  was  related  to  a warm  spot 


had  penetrated  the  tropopause,  but  every  high  echo  top 
reported  to  have  penetrated  the  tropopause  was  not 
related  to  a warm  spot.  Possible  explanations  for  over- 
shooting storm  tops  producing  or  not  producing  warm 
infrared  temperature  signatures  are  discussed  in  the 
next  chapter. 

This  investigation  also  pointed  out  the  importance 
of  the  grid  size  of  the  GOES  EIR  image  in  detecting  warm 
spots  as  well  as  the  important  advantages  of  GOES  EIR 
imagery  over  regular  IR  imagery  and  over  radar  observa- 
tions. For  example,  Fig.  32  shows  the  2330  GMT 
14  April  1976  image  on  a 2 nm  grid.  Fig.  33  shows  the 
0130  GMT  15  April  image  on  a 1 nm  grid.  Although 
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GOES  MB  enhanced  infrared  image  of 
central  United  States  for  2330  GMT 
14  April  1976;  grid  2 nm. 


GOES  MB  enhanced  infrared  image  of 
central  United  States  for  0130  GMT 
15  April  1976;  grid  1 nm . 
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the  convective  activity  has  increased  from  2330  to  0130 
GMT,  the  sensor  resolution  in  both  images  is  the  same 
and  the  apparent  increased  detail  was  primarily  due  to 
the  larger  gridding. 

Fig.  34  shows  the  IR  image  for  0730  GMT.  The 
general  area  of  high  clouds  can  easily  be  seen  while 
exact  areas  of  intense  convective  activity  are  not 
easily  discernible.  The  enhancement  of  the  0732  GMT 
EIR  image  (Fig.  26)  clearly  delineates  areas  with 
coldest  radiative  temperatures.  Although  not  every 
white  area  was  associated  with  intense  convective 
activity,  as  will  be  discussed  in  Chapter  IV,  the  pre- 
sence of  warm  spots  and  the  use  of  conventional  radar 
data  helped  identify  these  areas. 

Enhanced  infrared  imagery  offers  two  distinct 
advantages  over  radar.  One  is  the  short  time  interval 
between  pictures  provided  by  floating  sector  imagery. 

The  other  is  complete  coverage  of  the  severe  weather 
area  in  each  image.  Together  these  allowed  the 
forecaster  to  monitor  intense  convective  activity  on 
a near  real  time  basis,  and  provided  the  researcher 
with  unique  data  to  study  intense  convective  development. 


' 


CHAPTER  IV 

WARM  INFRARED  TEMPERATURE  SIGNATURES 

Warm  spots  in  the  GOES  EIR  imagery  appeared  to  be 
directly  related  to  tropopause  penetrating  echo  tops. 

This  dependency  would  give  researches  and  forecasters  an 
additional  tool  to  monitor  these  high  echo  tops.  In  the 
previous  chapter,  however,  several  questions  were  raised 
from  the  comparison  of  EIR  imagery  and  the  radar  observa- 
tions, namely,  why  do  warms  spots  exist  without  related 
high  echo  tops  or  vis-a-vis,  and  what  possible  explanation 
for  the  occurrence  of  warm  sp.ots  can  be  proposed?  These 
questions  will  be  considered  in  this  chapter. 

One  important  characteristic  of  the  warm  spots  must 
be  considered  first.  As  has  already  been  mentioned,  the 
warm  spots  appeared  as  warmer  infrared  temepratures  along 
the  steep  linear  enhancement  of  segment  8 (Fig.  25).  No 
black  shade  of  segment  7,  separated  the  warm  spot  from  the 
surrounding  colder  radiative  temperature  area;  therefore, 
the  warm  spot  was  part  of  the  cloud  whose  equivalent  black 
body  temperatures  lie  in  the  -62°C  to  -80°C  range 
(segment  8)  rather  than  being  associated  with  clouds  of 
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lower  heights  and  warmer  black  body  temperatures.  It  is 
possible  that  a misinterpretation  could  occur  since 
several  temperature  levels  in  the  atmosphere  were 
enhanced  with  the  same  gray  shade  (See  Fig.  25). 


Warm  Spots  Without  Iropopause  Penetrating  Tops 
The  warm  spot  over  central  Iowa  in  Fig.  28,  eastern 
Iowa  in  Fig.  30,  and  the  Iowa,  Illinois,  Wisconsin  border 
in  Fig.  26  is  part  of  a single  storm  which  can  be  followed 
on  GOES  EIR  film  loops  across  central  and  eastern  Iowa 
from  0502  GMT  to  0732  GMT  on  15  April  1976.  The  track  of 
this  warm  spot  extended  over  a distance  of  approximately 
125  miles  as  shown  in  Fig.  35.  Its  movement  corresponded 
favorably  with  the  movement  of  high  echo  tops  reported  by 
the  WSR-57  radar  observations  from  Des  Moines  and 
Marseilles  at  three  different  observation  times.  The  two 
and  one-half  hour  progression  of  the  spot  across  Iowa 
suggests  the  presence  of  supercell  type  storms  as 
described  by  Browning  and  Foote  (1976).  These  intense 
quasi-steady  state  storms  exhibit  large  vertical  develop- 
ment over  a large  horizontal  area.  Their  magnitude  is 
sufficient  to  account  for  a 15  to  20  km  warm  spot 
imbedded  within  a 100  km  diameter  white  circular  area  as 
observed  over  central  Iowa  at  0532  GMT  (Fig.  28),  eastern 
Iowa  at  0632  GMT  (Fig.  30),  and  eastern  Iowa  at  0700  GMT 
(not  shown)  and  0732  GMT  (Fig.  26).  Radar  observations 
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Figure  35  Path  of  warm  spot  of  MB  enhanced  infrared 
images  over  Iowa  from  0502  to  0732  GMT  15 
April  1976;  corresponding  radar  positions 
are  s h own  also. 


coincided  with  the  0532,  0700,  and  0732  GMT  imagery,  but 
no  high  echo  tops  were  reported  at  0632  GMT.  It  was 
concluded  that  a high  echo  top  was  present  at  0632  GMT 
though  not  observed  by  radar.  Note:  the  46,000  ft 

radar  top  over  Iowa  (Fig.  31)  was  reported  by  Des  Moines 
slightly  southwest  of  the  50,000  ft  radar  top  reported 
one  hour  earlier  (Fig.  29).  This  46,000  ft  convective 
cell  most  probably  blocked  the  radar's  "view"  of  the  cell 
associated  with  the  warm  spot. 

Tropopause  penetrating  tops  without  warm  spots 

Two  cases  could  exist  where  a tropopause  penetrating 
top  would  not  have  an  EIR  image  warm  spot.  The  warm  area 
in  the  storm  top  was  below  the  resolution  of  the  GOES  IR 


sensor  (8  km),  or  the  storm  top  did  not  have  a warm  area 
An  example  of  this  latter  case  will  be  discussed  in 
Chapter  V. 


Explanation  of  Warm  Spots 
Surface  and  rawinsonde  data  for  this  synoptic 
system  as  well  as  radar  observations  were  carefully 
analyzed.  These  data,  together  with  previous  studies 
of  supercell  convective  storms  ( i . e . , Browning  and  Foote 
1976;  Roach,  1967)  were  used  to  formulate  three  possible 
explanations  to  account  for  the  warm  spots.  These 
include  (1)  depressions  in  the  cloud  tops,  (2)  strato- 
spheric cirrus  or  moisture  above  the  cloud  top,  and  (3) 
radiative  difference  and  temperature  gradients  across 
the  cloud  top.  Each  of  these  factors  will  now  be 
discussed.  Supercell  cloud  models  were  developed  to 
explain  the  warm  cloud  top  temperatures  above  the  strong 
updraft  region  and  will  be  presented  in  the  next  chapter 


Depressions  in  the  cloud  to" 


The  first  possible  explanation  may  account  for  the 
warm  spot  if  the  cloud  top  collapsed  in  the  adjacent 
area  next  to  the  overshooting  updraft.  Downward  motion 
associated  with  a collapsing  top  would  produce  a 
depression  in  the  cloud  top  and  result  in  a warmer  cloud 
top  because  of  their  lower  height.  Aircraft  observations 
of  somewhat  smaller  convective  systems  with  tops  below 
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40,000  ft  (12.3  km)  by  Fujita  (1974)  have  shown  col- 
lapsing towers  are  similar  to  overshooting  turrets  in 
terms  of  their  relatively  short  duration  (less  than  ten 
minutes)  and  small  horizontal  extent  (less  than  5 km). 
This  is  considerably  less  than  the  space  and  time  scales 
observed  in  this  April  1976  supercell  case. 

Pitts,  Resser,  and  Mendlowitz  (1975),  investigating 
• a severe  storm  over  Texas,  found  significant  variations 

in  cloud  top  equivalent  black  body  temperatures  on  a 
50  m scale  and  suggested  that  the  measurements  could 
show  that  each  cold  anomaly  coincided  with  an  overshoot 
tower  and  each  hot  anomaly  with  a region  of  subsidence 
near  a tower.  This  relationship  may  explain  small 
scale  cloud  top  turrets  and  subsidence  areas,  but  may 
not  be  generalized  to  explain  the  warm  spots  in  GOES 
EIR  imagery  because  of  the  difference  in  sensor  reso- 
lution. For  example,  the  IR  sensor  reported  on  by 
Pitts  (1975)  observed  a spot  size  of  about  45  m on  the 
cloud  top.  The  GOES  IR  sensor  has  a resolution  of 
about  8 km.  Therefore,  the  IR  and  EIR  imagery  display 
the  large  scale  radiative  temperature  pattern  smoothing 
out  small  scale  anomalies.  For  the  tropopause  pene- 
trating convective  storm  tops  investigated,  the  large 
scale  equivalent  black  body  temperature  pattern  con- 
sisted of  a 15  to  20  km  diameter  warm  spot,  coinciding 
with  the  location  of  the  radar  reported  high  echo  top, 
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surrounded  by  a radiative  temperature  field  approxi- 
mately 10°C  colder. 

Additionally,  the  size  and  duration  of  the  warm  spot 
shown  in  Fig.  35,  suggests  the  presence  of  a quasi-steady 
mechanism  that  is  characteristic  of  a supercell  storm 
with  very  high  echo  tops  as  described  by  Browning  and 
Foote  (1976)  rather  than  a pulsating,  short  lived  type  of 
convective  system  with  somewhat  lower  echo  tops  as  ob- 
served by  Fujita  (1974).  For  these  reasons,  a mechanism 
for  maintaining  a collapsed  anvil  top  with  a circular 
shape  for  this  15  April  1976,  case  would  be  difficult  to 
explain. 

Stratospheric  cirrus 

S t r a t o s phe r i c cirrus  over  the  central  cloud  dome 
may  result  from  a portion  of  the  moist  updraft  mixing 
with  the  stratospheric  air  and  acquiring  the  warmer 
ambient  temperatures.  This  has  been  observed  by 
Umenhofer  (1975)  as  a separate,  detached  cloud  above 
the  convective  cloud  in  other  case  studies  which  are 
not  of  the  supercell  type.  For  example,  in  order  to 
produce  the  warm  radiative  temperatures  observed  in 
the  Iowa  warm  spot  in  Fig.  28  (~70°C),  the  stratospheric 
cirrus  would  have  to  be  very  thick  and  have  a high 
emissivity.  Moreover,  there  would  have  to  be  an 
absence  of  vertical  wind  shear  above  the  anvil  top 
so  that  the  cirrus  would  move  at  the  same  speed  as  the 
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convective  cell  and  remain  circular  in  shape.  In  this 
case,  radiosonde  data  indicated  directional  shears  of 
more  than  20°  and  speed  shears  greater  than  10  ms-^ 
between  the  lower  stratospheric  layers  and  the  radar 
echo  movement.  Thus,  the  second  possibility  would  be 
as  difficult  to  explain  as  the  depressed  anvil  top. 

Radiative  differences  and  temperature  gradients 

The  third  possibility  of  radiative  differences 
and  temperature  variations  across  the  cloud  top  is 
suggested  as  a reasonable  explanation.  This  explana- 
tion accounts  for  the  large  scale  EIR  features  with 
variations  of  cloud  top  parameters  and  does  not  rely 
on  physical  changes  in  the  cloud  itself. 


CHAPTER  V 


CLOUD  TOP  MODEL 

Based  on  radiosonde  observations  within  the  region 
of  convective  activity  on  15  April  1976,  and  on  studies 
of  radiative  properties  of  cirrus  clouds  ( i . e . , Liou, 

1974;  Kuhn  and  Weickmann,  1969)  a model  for  a cloud  dome 
of  a supercell  storm  was  developed  to  show  how  it  was 
possible  to  have  warm  cloud  top  temperatures  above  a 
strong  updraft  region.  Fig.  36  shows  a vertical  cross- 
section  through  a cloud  dome  that  is  somewhat  similar  to 
the  visual  cloud  boundaries  of  the  21  June  1972  storm 
that  was  discussed  by  Browning  and  Foote  (1976).  The 
main  storm  top  has  the  appearance  of  a large,  smoothly 
rounded  dome  and  reached  to  a height  above  15  km.  Such  a 
cloud  dome  is  a characteristic  feature  of  vigorous,  quasi- 
steady  storms.  The  updraft  region  pushes  above  the  trop- 
opause  and  ascends  moist  adiabatically  to  a temperature 
of  approximately  -90°C.  A pronounced  stratospheric  in- 
version exists  above  the  updraft  region  and  consists  of 
small  scale  mixing  as  proposed  by  Roach  (1967).  The 
mixing  layer  is  approximately  500  m thick  and  transports 
moisture  above  the  layer  of  coldest  temperatures  and 
warms  the  cloud  top  by  small  scale  mixing  with 
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horizontal,  but  within  any  one  250  in  by  1 km  layer  the 
emissivity  was  assumed  to  be  constant. 
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The  upward  intensity  at  the  top  of  each  layer,  n, 
was  computed  from 


Iv+(n)  - tnB^(Tn)  + (1  - sn)I^+(n  + 1)  (1) 

where  I$+(n)  is  the  intensity  in  the  10.5  to  12.5  urn 
spectral  region,  en  is  the  emissivity  of  the  layer, 

B-(Tn)  is  the  Planck  function  for  the  nth  layer  with 
average  temperature  Tn , and  I^+(n  + l)  is  the  upward 
intensity  from  the  layer  below. 

The  upward  intensity  at  the  top  of  the  cloud  was 
assumed  to  equal  the  infrared  emission  measured  by  the 
satellite.  This  radiance  measurement  was  converted  to  an 
equivalent  black  body  temperature  and  then  was  compared 
to  the  enhancement  curve  (Fig.  25).  The  purpose  was  to 
see  if  the  calculated  cloud  top  temperature  field  would 
give  the  same  gray  shade  pattern  as  observed  in  the  GOES 
EIR  imagery. 

Fig.  37  illustrates  the  results  of  computations 
using  Eq . 1.  This  diagram  displays  the  temperature  dif- 
ference between  the  cloud  top  dome  and  cloud  top  at  vari- 
ous radial  distances  from  the  dome.  A simple  two  layer 
model  with  the  lower  layer  ten  degrees  colder  was  used. 
Curve  'a'  represents  the  radial  temperature  variation 
when  emissivity  was  unity  across  the  entire  cloud  top. 
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This  curve  accounts  for  only  a 5°C  difference  between  the 
cloud  dome  and  the  cloud  top  a radial  distance  from  the 
dome.  When  emissivity  was  allowed  to  decrease  according 
to  the  values  shown  along  the  top  of  Fig.  37,  then  a larg- 
er radial  temperature  gradient  of  8°C  was  calculated  and 
was  depicted  as  curve  'b'.  Curves  ’c'  and  ' d ' correspond 
to  'a'  and  ' b 1 except  the  cloud  dome  was  specified  as 
being  colder  than  the  surrounding  cirrus  anvil. 
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Figure  37  Infrared  radiative  temperature  differ- 
ence between  the  central  cloud  dome  and 
various  radial  distances  from  the  dome. 

These  simple  calculations  illustrate  the  signifi- 
cance of  variations  in  the  emissivity  and  temperature 


across  the  cloud  top.  Temperature  variation  alone,  with 
emissivity  of  unity,  could  explain  the  warm  spot  over 
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central  Iowa  in  Fig.  28,  but  warm  spots  were  also  ob- 
served for  radar  echoes  of  44,000  ft  (13.4  km)  and 
46,000  ft  (14  km),  and  the  outer  edge  of  these  cloud  tops 
would  require  temperatures  colder  than  moist  adiabatic 
ascent  temperatures  in  order  to  explain  the  EIR  imagery. 

The  radar  summary  for  0535  GMT  (Fig.  29)  also  showed 
an  area  of  convective  activity  over  a portion  of  north- 
eastern Iowa;  however,  no  significant  echo  tops  were 
reported.  The  coldest  temperatures  at  the  radiosonde 
stations  for  Oklahoma  City  and  St.  Cloud  at  0000  GMT  and 
1200  GMT  15  April  were  -71°C  (see  Fig.  38)  while  the 
corresponding  satellite  image  indicated  -80°C  cloud  top 
radiative  temperatures.  Therefore,  emissivity  values 
less  than  unity  must  have  existed  in  order  to  explain  the 
extensive  area  of  -80°C  infrared  radiative  temperatures. 
Since  low  emissivity  values  were  present  in  this  area, 
then  it  was  reasonable  to  assume  that  low  values  were 
present  in  adjacent  convective  cloud  tops  in  Fig.  28  and 
other  EIR  imagery. 

An  attempt  was  made  to  duplicate  the  temperature 
profile  shown  in  the  GOES  EIR  image  for  the  cloud  top 
over  central  Iowa  in  Fig.  28.  The  model  cloud  top  (Fig. 
36)  was  divided  into  four  concentric  circular  areas 
depicted  in  Fig.  39.  Cloud  top  upward  intensities  were 
calculated  from  Eq . 1 for  each  column  within  the  circular 

area,  averaged,  and  converted  to  an  equivalent  black 
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body  temperature.  The  results  are  displayed  in  Fig.  39. 
Table  2 shows  the  layer  temperature  and  emissivity  values 
used  for  selected  columns  (layer  1 is  at  the  cloud  top), 
and  the  equivalent  black  body  temperature  for  that 
column.  The  column  identifier  corresponds  to  a vertical 
line  with  the  same  letter  in  Fig.  39.  There  is  reason- 
able agreement  between  the  model  calculations  and  the 
satellite  imagery. 

As  discussed  in  Chapter  IV,  some  radar  reported 
tropopause  penetrating  convective  storms  were  not  associ- 
j ated  with  warm  spot  infrared  signatures  on  the  GOES  EIR 

image.  For  15  April  1976  cases,  the  warm  area  was  below 
the  resolution  of  the  infrared  sensor,  or  the  activity 

mav  not  have  been  in  the  stratosphere  long  enough  to 

- - 

develop  a warm  area.  On  other  days,  the  stratospheric 
inversion  may  be  very  weak  and  no  significant  t emper a t ur e 

gradient  will  develop  across  the  cloud  top.  Fig.  40 

f t 

shows  an  example  of  a convective  dome  that  was  associated 
with  a weak  stratospheric  inversion.  Under  this  con- 
• dition  the  cloud  dome  would  be  cold  relative  to  the 

surrounding  cirrus  anvil. 
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CHAPTER  VI 

SUMMARY  AND  FURTHER  STUDIES 

GOES  enhanced  infrared  images  provided  detailed 
information  about  radiative  temperature  patterns  of 
cirrus  anvil  tops  associated  with  a local  severe  storm 
situation  for  15  April  1976.  Warm  infrared  radiative 
temperature  areas  imbedded  within  cold  cirrus  anvil 
domes  corresponded  to  radar  echoes  that  penetrated  the 
tropopause.  A cloud  top  model  was  presented  to  attempt 
to  explain  the  correspondence  for  this  case.  Horizontal 
and  vertical  temperature  gradients  at  the  cloud  top 
together  with  emissivity  differences  can  explain  the  warm 
spot  radiative  temperature  signature. 

It  is  not  known  how  often  this  phenomenon  may  be 
observed  because  enhanced  infrared  imagery  is  a relatively 
new  tool  for  use  in  the  analysis  and  forecasting  of 
convective  cloud  systems.  There  are  a number  of  different 
types  of  convective  systems  that  may  produce  EIR  sig- 
natures similar  to  the  one  discussed  here  and  this  cloud 
top  model  is  not  applicable  to  all  cases.  Further 
research  on  this  problem  is  needed,  especially,  as  man- 
interactive  image  and  data  processing  systems  are 
developed  for  operational  analyses. 
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